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11 INTRODUCTION
Dendrimers are a class of synthetic polymers whose principle feature is repetitive branch-
ing. Their synthesis, which consists of a controlled series of reactions and resembles organic
chemistry more than polymer chemistry, distinguishes them from other synthetic polymers
and results in a lower polydispersity index. Other notable features of dendrimers include a
relatively stable globular structure and an exponentially increasing number of terminal ends.
It is from these two features that all interesting potential applications for dendrimers arise.
The structure makes the encapsulation of guest molecules an intriguing possibility, despite the
lack of a permanent internal cavity. The many terminal groups allow for different fractions of
modification with a variety of functional groups to create multi-functional molecules.
The goal of this dissertation is to explore the general effects of branching on amphiphilic
polymers by using molecular dynamics simulations with a Lennard-Jones interaction model.
In the remainder of this chapter, a short summary of the subsequent chapters in this thesis is
provided. Chapter 2 presents a general background of dendrimers and some of their potential
applications as drug delivery vehicles. Chapters 3 through 5 have been adapted from the
following publications:
• Chapter 3 N. W. Suek and M. H. Lamm, “Effect of terminal group modification on
the solution properties of dendrimers: A molecular dynamics simulation study”, Macro-
molecules, 39, 4247-4255 (2006).
• Chapter 4 N. W. Suek and M. H. Lamm, “Computer simulation of architectural and
molecular weight effects on the assembly of amphiphilic linear-dendritic block copolymers
in solution”, Langmuir, 24, 3030-3036 (2008).
2• Chapter 5 N. W. Suek and M. H. Lamm, “Surface properties of amphiphilic dendrimer
films: A molecular dynamics simulation study”, Journal of Chemical Physics, (to be
submitted).
An outline of some possible plans for future work is discussed in Chapter 6. All of the chapters
are self-contained units complete with literature review and bibliography.
Chapter 3 explores the effect of terminal monomer substitution on the static and dynamic
properties of a dendrimer in explicit solvent by changing the generation and varying the substi-
tution pattern. For generation 5 and smaller, the terminal monomer arrangement has no effect
on the static or dynamic properties and monomers that are attracted to solvent particles are
drawn to the exterior of the molecule. For generations 6 and 7, crowding at the surface of the
dendrimer forces some terminal monomers into the interior where they interact with interior
monomers without being attracted to them. When non-uniformly surface-modified dendrimers
are examined, it is seen that for generations 6 and 7 a minimum number of bonds between the
two types of terminal monomers is required to observe all of the monomers that are attracted
to the solvent at the surface of the molecule.
In Chapter 4, attention is turned toward linear dendritic block copolymers and their self
assembly. The critical micelle concentration (CMC), micelle size distribution, and shape are
examined as a function of dendron generation and architecture. When the dendron generation
increases, it is found that the CMC increases and that the micelle number decreases. These
trends for diblock simulations are in qualitative agreement with experiments using triblock
polymers. The flexibility of the dendron block is altered by varying the number of spacer
monomers between branch points. When comparing linear-dendritic block copolymers of sim-
ilar molecular weights, it is shown that increasing the flexibility decreases the CMC.
Chapter 5 examines the effects of terminal monomer substitution on a thin film of den-
drimers. The surface’s morphology and wettability are explored as a function of the fraction
and arrangement of the modified terminal ends of a third generation dendrimer. The two
phases of the film segregate to reduce the energy of the film. When the fraction or density of
modification is low, both phases segregate into continuous striped lamellae. Whereas as the
3fraction or density is increased, the phase consisting of the dendritic monomers is no longer
continuous and the dendritic monomers at the free surface assemble into islands of decreasing
size as the density of terminal modification is increased. Excellent quantitative agreement with
experiments using hyper-branched polymers is seen when the parameters are tuned to optimize
the contact angle. The analysis of microscopic droplets fails to detect line tension due to the
surface’s roughness and pattern.
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Introduction
Dendrimers are synthetic macromolecules with regular and highly branched architectures.
Each synthesis step results in a new generation and an exponential increase in the molecular
weight. The controlled nature of their synthesis results in a low polydispersity index and
their highly branched architecture results in a well defined structure, which are both unusual
properties for synthetic macromolecules. It is these features that give dendrimers promise for
applications in medicine [1, 2, 3, 4], optoelectronics [5, 6, 7], and catalysis [8, 9] among others.
Figure 2.1 shows an idealized sketch of a fourth generation dendrimer, which is abbreviated
G4, to illustrate the nomenclature used in the rest of the paper. The core is the origin of
the molecule. A branch point is where the dendrimer segments divide to double the number of
segments. Terminal groups are where the molecule stops. A spacer is the part of the molecule
connecting a branch point to another branch point, the core, or a terminal group.
This review will begin with brief descriptions of dendrimer synthesis and dendrimer struc-
ture. Then it will focus on the development of dendrimers for drug delivery applications.
Synthesis
The first reported synthesis of a repetitively branched molecule was in 1978 by the Vogtle
group [10] who named them “cascade molecules”. In 1985, the Tomalia group reported syn-
thesis of the first dendritic macromolecule, poly(amidoamine) (PAMAM) [11] (see Figure 2.2).
PAMAM was first synthesized using the divergent method, where one begins at the core
and builds to the terminal ends (see Figure 2.3). PAMAM has also been synthesized
5Figure 2.1 An idealized sketch of a fourth generation dendrimer. The core
is labeled, as are one of each of the following: terminal group,
branch point, and spacer. The G3 signifies that the red circle
enclosing it also enclosing the third generation.
Figure 2.2 The chemical structure of G4 PAMAM.
6Figure 2.3 A simplified depiction of dendrimer synthesis. Top: Divergent
strategy. Bottom: Convergent strategy. The red circles rep-
resent the protective groups that must be removed before the
synthesis can proceed to the next generation.
7Figure 2.4 The chemical structure of G4 poly ether dendrimer.
using the convergent method, [12] where synthesis begins with the peripheral groups forming
dendrons as they converge upon the core where it becomes a dendrimer (see Figure 2.3). The
convergent method was first used to create poly ether dendrimers [13] by the Frechet group
(see Figure 2.4).
The convergent method offers advantages over the divergent method. First, in the conver-
gent method the number of reactions per molecule per growth step remains constant. While in
the divergent method the number of reactions per molecule grows exponentially so that as the
generation increases it becomes impossible to avoid statistical defects. The other advantage of
the convergent growth method is that two different dendrons can be combined at any step to
create an asymmetric core or branching points, as demonstrated by the Frechet group [14, 15]
(see Figure 2.5). The disadvantage of using convergent synthesis is that as the generation
increases, it becomes more difficult to complete the final step that attaches the dendrons to
the core.
8Figure 2.5 Chemical structures of dendrons formed using the conver-
gent strategy as a demonstration of asymmetric branching
points [16].
Structure
Before there was a published account of dendrimer syntheses, the debate over the structure
of dendrimers began with a self-consistent field theory prediction of a maximum dendrimer
generation, beyond which it would be impossible to grow perfect dendrimers [17]. One as-
sumption that was made was that the spacers between branch points were elongated, which
excludes the backward folding of branches toward the core. The consequence of this assump-
tion is that dendrimers would have a hollow core surrounded by a dense shell. This prediction
would lead to much interest in developing hollow dendrimers to transport smaller molecules
for drug delivery.
The investigations that followed, using self-consistent field theory [18] and Monte-Carlo [19],
atomistic molecular dynamics [20], and Brownian dynamics [21] simulations all showed that
uncharged flexible homo-dendrimers were the most dense at the core with terminal ends located
at all distances from the core. Small-angle neutron scattering (SANS) of a fourth generation
poly(propylene imine) dendrimer has confirmed experimentally that dendrimers are the most
dense at the core [22].
PAMAM is a charged molecule in aqueous systems with neutral and low pH, due the
protonation of the amines at the terminal ends and branch points. Simulations using Monte-
Carlo [23], atomistic molecular dynamics [24], and Brownian dynamics [25] show that den-
9drimers adopt a more extended conformation, even though some back folding is still evident.
This extended conformation can be reversed to a compact or dense core by the increase of
either the pH or the salt concentration, which screens the charge. These simulations agree
with fluorescence spectroscopy investigations of G6 PAMAM [26], while they disagree with
the SANS investigations of G8 PAMAM [27] that showed pH had no effect on dendrimer size.
This is most likely due to the fact that G8 dendrimers have a significantly higher density (the
molecular weight of dendrimers increases exponentially with generation while the volume in-
creases as a cube) than G6 dendrimers and thus are less flexible. This presents an opportunity
for applications such as drug delivery where smaller therapeutic molecules could be loaded into
a dendrimer in one pH and then transported inside them through a medium with a higher pH
or salt concentration.
Applications
One objective of dendrimer research has been the development of improved drug delivery
techniques where two current challenges, the targeting of specific biological sites and adminis-
tering hydrophobic drugs [28, 29, 30], appear well-suited for dendrimers. Alternative techniques
for the administration of hydrophobic drugs are to deliver them as very dilute aqueous solu-
tions, deliver them with surfactants, or conjugate them with a solubilizing agent: all of which
can reduce the efficacy or cause harmful side effects. One approach has been to non-covalently
encapsulate the molecule within the dendrimer. Hawker and coworkers increased the solu-
bility of pyrene in water with the use of p-(methoxycarbonyl)benzyl terminated poly ether
dendrimers [31]. Unlike traditional micelles which have a critical micelle concentration (CMC)
below which solubility is not increased, these uni-molecular micelles were able to increase the
solubility of pyrene over a greater range of surfactant concentrations.
Meijer’s group was able to imprison five bengal rose dye molecules within a G5 poly(propylene
imine) dendrimer that was functionalized with tert-butyloxycarbonyl-L-Phe end groups to pre-
vent dye molecules from escaping [32](see Figure 2.6). They later showed that they could
encapsulate four bengal rose molecules and between eight and ten smaller p-nitrobenzoic acid
10
Figure 2.6 The chemical structure of Meijer’s dendritic box.
molecules inside Meijer’s dendritic box [33]. Then they released the smaller molecules with
a partial hydrolysis of the terminal groups using formic acid, before releasing the large guest
molecules with a complete hydrolysis of the terminal groups using hydrochloric acid An atom-
istic molecular dynamic study confirmed the equilibrium number (five) of bengal rose molecules
that reside within the uncapped dendrimer [34].
Pistolis and Malliaris were able to control the release of pyrene from PPI dendrimers in
water by adjusting the pH of the system [35]. They would later show that as the PPI generation
increases so does the solubilization of pyrene while the water is progressively excluded from
the interior of the dendrimer [36].
The Frechet group looked at the poly ether dendrimer when they increased the spacer
length between branch points and used poly(ethylene glycol) (PEG) as their hydrophilic
end group [37]. Using these adaptations, they were able to increase the drug loading of in-
domethacin in G3 dendrimers to 11 wt.%, which is modest when compared to vesicles that
approach 100 wt.% [38]. In vitro studies showed a slower more sustained release rate with
80% of its load being released in the first ten hours when compared to a drug loaded cellulose
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membrane releasing 100% of its contents in four hours.
Morgan and coworkers investigated the use of bio-compatible dendrimers composed of glyc-
erol, lactic acid, and succinic acid monomers to encapsulate the poorly water-soluble drug 10-
hydroxycamptothecin (10HCPT) [39]. They adapted their bio-compatible system to use a PEG
chain as the core [40] creating a triblock polymer and an effective encapsulant of 10HCPT. This
creates a system common in traditional linear polymer drug delivery systems where multiple
molecules assemble together to create a micelle.
The first linear dendritic copolymer was a PEG chain grafted onto the focal point of a
benzylic dendritic poly ether [41]. These block copolymers formed concentration dependent
micelles. Meijer’s group synthesized a hydrophilic poly(propylene imine) dendrimer at the end
of a polystyrene chain [42]. They have found that the shape of the aggregates in a water/toluene
mixture changes from inverted micelle at generation 2 through vesicles and rod-like micelles
to spherical micelles at generation 5. They also determined that the CMC increased with the
dendrimer generation.
Zhu et al. polymerized a poly(N-isopropylacrylamide) (PNIPAM) chain from the core of a
poly ether dendron [43]. Although poly ether dendrons are not ideal for drug delivery, the use
of PNIPAM created aggregates that break up when the temperature is raised to 37.5◦C. The
Frechet group synthesized a polyester dendron modified with poly(ethylene oxide) at the core
and acid hydrolyzable hydrophobic groups at the terminal ends [44]. It was found that the
micelles are stable at a pH of seven but not at five, where they degrade releasing their drug
load. They also found that the CMC decreased when they increased generation from three to
four which doubles the number of hydrophobic groups.
A triblock copolymer consisting of a hydrophobic poly(propylene oxide) chain between two
hydrophilic poly(amidoamine) dendrons has been synthesized by the Hammond group [45].
They found that as the dendrimer generation increased so did the CMC while the number of
molecules per micelle decreased. The Hammond group has shown that the terminal amines of
poly(amidoamine)-poly(ethylene oxide) block copolymers self-assemble with DNA [46]. When
they modified the free end of the linear chain with a targeting ligand, they found very high
12
Figure 2.7 A simplified depiction of the degradation of the self-immolative
dendrimer[51].
gene transfection efficiencies.
The multivalent surface of the dendrimer provides another benefit for the use of dendrimers
in drug delivery systems. That is to provide more places to functionalize the molecule cell tar-
geting moieties, so that the drugs are delivered to the cells that need them. One of the goals of
the previously mentioned studies [45] is to functionalize the terminal groups of the hydrophilic
dendrimer with targeting moieties. Majoros and coworkers took this a step further when they
conjugated multiples of fluorescein isothiocyanate (an imaging agent), folic acid (targets spe-
cific cancer cells), and paclitaxel (chemotherapeutic drug) to a G5 PAMAM dendrimer [47].
In vitro testing has been used to show the uptake and cytotoxic effects of this multifunctional
drug conjugate.
A disadvantage of Majoros et al. design is that each drug molecule must be individually
removed from the dendrimer in order to be released. Three groups [48, 49, 50] have recently
reported a new technique where a chain reaction initiated by a single reaction causes the den-
drimer to degrade releasing its cargo (see Figure 2.7). The Shabat group has progressed
the most in their research and have produced G1 dendrons containing two of the same drug
molecules, two different drug molecules, or three different drug molecules that “self-immolate”
when activated by antibody 38C2 [52]. They have also produced G2 and G3 dendrons, con-
taining four and eight drug molecules, respectively; although the degradation mechanism to
release their drug molecules has not as yet been triggered.
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Conclusions
After twenty plus years of research in dendrimers, it appears that dendrimers are poised
to become a significant contributor in the field of drug delivery, because they have the well
defined structure and multivalent surface that linear polymers lack. The object of this research
project is develop a fundamental understanding about how tunable dendrimer conformation
and surface properties can be in response to topology and environmental changes.
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3 EFFECT OF TERMINAL GROUP MODIFICATION ON THE
SOLUTION PROPERTIES OF DENDRIMERS: A MOLECULAR
DYNAMICS SIMULATION STUDY
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Abstract
We study the static and dynamic properties of amphiphilic dendrimers of generation 3
through 7 in an explicitly modeled solvent with molecular dynamics. All interior monomers
are solvophobic while the terminal monomers are varied from all solvophobic to all solvophilic,
with a number of non-uniform solvophobic / solvophilic terminal monomer arrangements in-
vestigated. For generations 6 and 7, crowding at the dendrimer surface forces some solvophilic
monomers into the interior of the molecule. The non-uniformly surface-modified dendrimers
are studied to examine how different arrangements of terminal monomers might affect den-
drimer conformation. In all cases with solvophilic terminal monomers we find the solvophilic
monomers congregating at the surface; thus, the dendrimer adopts the form of a unimolecular
micelle. For generation 5 and smaller, the terminal monomer arrangement has no effect on the
static or dynamic properties. For generations 6 and 7, a minimum number of bonds between
the two types of terminal monomers is required to observe all solvophilic terminal monomers at
the surface of the molecule. Lowering the simulation temperature, which effectively increases
the interaction strength between solvophilic monomers and solvent, eliminates the back folding
1Reproduced with permission fromMacromolecules 39 (2006) 4247-4255. Copyright 2006 American Chemical
Society.
2Department of Chemical and Biological Engineering, Iowa State University, 2114 Sweeney Hall, Ames, Iowa
50011-2230
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tendencies of the solvophilic monomers and increases the asphericity of the generation 6 and
7 dendrimers.
Introduction
Dendrimers are synthetic macromolecules with regular and highly branched architectures.
They are synthesized with a series of controlled reactions, where each step (generation) results
in an exponential increase in the number of monomers. Because of their structural precision,
they can be considered a synthetic analogue to proteins [1, 2] and there is interest in developing
applications in medicine [3, 4, 5, 6, 7, 8], surface science [9, 10, 11, 12], and catalysis [13, 14, 15].
By modifying the chemical nature of the large number of terminal groups present in the
dendrimer, one can alter properties, such as solubility [16] and toxicity [3]. The intent of this
paper is to investigate the structure and mobility of monomers in amphiphilic dendrimers.
Inspired by non-uniformly surface-modified dendrimers [17, 18, 19] (where there are more
than one type of chemical functionality at terminal ends) synthesized with the convergent
approach [20, 21], we use molecular simulation to explore static and dynamic conformational
properties for a range of dendrimers with different surface-modified topologies.
Several workers have used Monte Carlo [22], molecular dynamics [23], and Langevin dy-
namics [24] simulations to study the structure and scaling properties of homo-dendrimers in so-
lution; highlights from these studies are discussed in a recent review [25]. Murat and Grest [24]
used Langevin dynamics to perform the first computational study examining the effects of sol-
vent quality on a single, flexible homo-dendrimer in solution. They demonstrated that the
monomer density decreases moving radially away from the dendrimer core and that terminal
monomers are located at all distances from the core. This so-called “backfolding” phenomenon
has since been confirmed experimentally [26, 27, 28]. Because the solvent is modeled implicitly
through a white noise term in Langevin dynamics, Karatasos et al. [23] conducted molecular
dynamics simulations of a homo-dendrimer in explicit solvent. These authors also observed
backfolding in dendrimers at the theta condition, where interactions between the monomers
and solvent are equally favorable.
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Only a few molecular simulation studies have considered dendrimers composed of more
than one type of monomer, where each monomer type interacts differently with the surround-
ing solvent, i.e. an amphiphilic dendrimer [16]. Connolly et al. [29] used Metropolis Monte
Carlo to study amphiphilic dendrimers of generation 1-7, with varying spacer length (number of
bonds between branch points) where the solvent was modeled implicitly by tuning the effective
monomer-monomer interactions. Giupponi and Buzza [30] used lattice-based configurational-
bias Monte Carlo to study amphiphilic dendrimers by altering the relative strengths of terminal
monomer-solvent and interior monomer-solvent interactions. In both studies, the dendrimers
formed micelle-like structures, with the monomers in poor solvent congregating in the den-
drimer’s interior, regardless of whether they were, topologically speaking, a terminal or interior
monomer.
In this paper, we perform molecular dynamics simulations of amphiphilic dendrimers with
different arrangements of terminal monomers in explicit solvent. Highlights of our results
include the following. Amphiphilic dendrimers form micelle structures with the solvophilic
monomers congregating at the surface. At higher generations, the appearance of solvophilic
monomers at the surface was reduced due to surface crowding. The arrangement of terminal
monomers in the non-uniformly surface-modified dendrimers only had an effect on the structure
and monomer mobility of the higher generation dendrimers. Lowering the simulation temper-
ature, which effectively increased the interaction strength between solvophilic monomers and
solvent, reduced the backfolding of terminal monomers and increased the asphericity of the
higher generation dendrimers.
The paper is organized as follows. Section 2 details our model and simulation technique.
The static and dynamic properties and the effects of temperature are presented in Section 3.
A brief summary and further discussion are given in Section 4.
Method
We simulated a single dendrimer in explicit solvent using molecular dynamics. The den-
drimer model consists of bead-spring, freely jointed united-atom monomers. The solvent
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molecules are modeled as united-atom spheres. Molecular dynamics trajectories were gen-
erated by solving Newton’s equations of motion, where the position, ri(t), of the ith monomer
or solvent particle with mass, m, is given by
m
d2
dt2
ri (t) = −∇
∑
j
[ULJ (rij) + UBond (rij)] , (3.1)
where rij is the distance between monomers and/or solvent particles. Nonbonded interactions,
ULJ, are calculated with a truncated and shifted Lennard-Jones interaction potential [31],
ULJ (rij) =

4ε
[(
σ
rij
)12 − ( σrij )6 − ( σrcij )12 + ( σrcij )6
]
, rij ≤ rcij
0, rij > rcij
, (3.2)
where ε is the well depth, σ is the particle diameter, and rcij is the cutoff radius. For all
monomers and solvent particles, ε = 1, σ = 1, and m = 1. Values selected for the cutoff
radius will be discussed below. The bonded monomer interactions, Ubond, are calculated with
a harmonic spring potential,
Ubond (rij) = K (rij − r0)2 , (3.3)
where K = 1662ε/σ2 is the spring constant and r0 = σ is the equilibrium bond length.
The dendrimers in this study have N monomers (including the core), governed by the
formula [32],
N =
nb
[
(b− 1)g+1 − 1
]
(b− 2) + 1, (3.4)
where g is the number of generations, b is the branch point functionality, and n is the number
of bonds between branch points. In all simulations, b = 3 and n = 2. Figure 3.1 illustrates
the dendrimer model for g = 3 (G3). There are two types of monomers in the simulation:
(i) solvophilic, which have attractive and repulsive interactions with the solvent particles,
and (ii) solvophobic, which have only repulsive interactions with the solvent particles. The
interactions of solvophilic and solvophobic monomers with solvent particles are implemented
by selecting cutoff radii of rcij = 2.5σ and rcij = 21/6σ, respectively. All particles (solvophilic
and solvophobic monomers, solvent) experience attractive interactions with their own type and
thus have a cutoff radii of rcij = 2.5σ. Solvophilic and solvophobic monomers have repulsive
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Figure 3.1 The four arrangements used for a nonuniform solvopho-
bic/solvophilic exterior G3 dendrimer. The dendrimers are
named, from left to right, G3-1 2, G3-2 4, G3-4 8, G3-8 24
(see text for explanation). The white circles are solvophobic
monomers and the black are solvophilic monomers. In the sym-
metric arrangements, the dotted line outlines the fewest num-
ber of monomers needed to trace the number of bonds between
solvophilic and solvophobic terminal monomers.
Table 3.1 Cutoff radii for all pairs of monomers and solvent particles
particle i particle j rcij
solvophobic monomer solvophobic monomer 2.5σ
solvophobic monomer solvophilic monomer 21/6σ
solvophobic monomer solvent particle 21/6σ
solvophilic monomer solvophilic monomer 2.5σ
solvophilic monomer solvent particle 2.5σ
solvent particle solvent particle 2.5σ
interactions and thus have cutoff radii of rcij = 21/6σ. The cutoff radii for all particles are
summarized in Table 3.
All monomers that are bonded to two or more monomers (core, branch point, and spacer)
are considered interior monomers and are solvophobic. This is different from the two previous
studies [29, 30] in that they considered all monomers in the terminal generation to be terminal
monomers. This difference results in roughly 50% of monomers in the previous studies being
terminal while only 25% in the present study are terminal monomers. Terminal monomers are
varied from all solvophobic to all solvophilic, depending on the arrangement being simulated.
The uniformly solvophilic terminal monomer case is most similar to the “inner-H” case of
ref [29] and the C1 and C2 cases of ref [30]. Another difference between the three studies is that
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in the present study an interior monomer has the same attraction toward a terminal monomer
or the solvent while in the two previous studies an interior monomer preferred to interact with
a terminal monomer more than the solvent. We examined two nonuniform terminal monomer
cases that could plausibly be constructed using a convergent synthesis method [20]. The first
case consists of the different arrangements possible when half of the terminal monomers are
solvophobic and the other half are solvophilic. Figure 3.1 shows the three possible combinations
to achieve a symmetric half and half case for G3 dendrimers. There is a minimum of four bonds
between solvophobic and solvophilic terminal monomers in a G3-1 2 dendrimer. There is a
minimum of eight bonds between the two types of terminal monomers in a G3-2 4 dendrimer.
The first number in the naming convention is the generation, the second is the number of
solvophobic terminal monomers in the outlined area of Figure 3.1, and the third is the total
number of terminal monomers in the outlined area. The second case consists of one of the three
dendritic wedges attached to the core being terminated with all solvophobic monomers and
the other two being terminated with all solvophilic monomers. These dendrimers are named
G3-8 24 (shown in Figure 3.1), G4-16 48, G5-32 96, G6-64 192, G7-128 384, where the second
number is the number of solvophobic terminal monomers in the dendrimer and the third is the
total number of terminal monomers.
The dendrimers were constructed with a series of self-avoiding random walks (step length
≈ r0) from the core monomer, following the algorithm used by Lescanec and Muthukumar [33],
until the desired generation was achieved. For G7, it was impossible to build dendrimers from
the core without gross overlap of monomers. In these cases, we used a relaxed dendrimer of the
previous generation as a starting point [24]. Solvent particles were then randomly added to the
simulation volume, avoiding gross overlaps of particles and monomers, until a number density
of 0.6 particles and monomers per unit volume was achieved. Table 3 shows the number of
monomers and the range of solvent particles that were simulated for a dendrimer of a specific
generation. The side length of the cubic simulation region was chosen to be 5-6 times the
relaxed radius of gyration of the dendrimer, so that the dendrimer would not interact with
periodic images of itself. To be certain that the results would not be affected by this choice
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Table 3.2 Number of monomers and the range of the number of solvent
particles in a simulation of a dendrimer of a specific generation.
generation monomers solvent particles
3 91 2067 - 3467
4 187 4329 - 6530
5 379 6383 - 15362
6 763 13068 - 28087
7 1531 29153 - 34893
of box size, a uniformly solvophilic terminated G3 dendrimer was simulated in larger periodic
boxes [23]. There was no evidence of size effects on the static (structure factor) or dynamic
(mean-square displacement and autocorrelation functions) properties of the dendrimer.
The simulations were carried out using LAMMPS 2004 [34, 35], with a time step of ∆t =
0.0012τ , where τ = σ
√
m/ε. The initial configuration was relaxed for 2 million time steps at
the desired temperature using the Nose´-Hoover thermostat [31]. The simulation temperatures
chosen were kBT/ε[=]T ∗ = 3.33, 1.5, and 0.67, where kB is the Boltzmann constant. For some
cases, the run was repeated with a relaxation period of 500,000 time steps at T ∗ > 6.5, where
the dendrimer has a more extended conformation, before relaxing the dendrimer further for 1.5
million time steps at T ∗ = 3.33. In both cases the equilibrium properties of the dendrimer were
very similar. The thermostat was then turned off and the production portion of the simulation
was run for 10 million time steps at constant energy, so that the dynamic properties would be
independent of the thermostat. The longest relaxation time can be estimated as τr = R2g/(6D),
where D is the diffusion coefficient and Rg is the radius of gyration. This is the time required
for the dendrimer to move a distance equal to its own size [36]. All G7 dendrimers, the largest
and slowest moving of the dendrimers simulated, had τr ≤ 1000τ . Thus, snapshots of the
monomers’ positions were saved every 1000 time steps to evaluate properties. The length
of the production portion of the simulation was 12000τ . The uniform solvophilic terminal
monomer cases for G3 and G6 as well as the uniform solvophobic terminal monomer case
for G3 were repeated for two additional initial configurations, so that averages and standard
deviations could be reported.
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Results and Discussion
In this section we discuss the results of the simulation runs. All distances are reported
in units of σ and times in units of τ . The radius of gyration, density profile, and shape
analysis for T ∗ = 3.33 will be discussed in the first subsection. The second subsection will
discuss the dynamic properties of mean-square displacement and autocorrelation functions for
T ∗ = 3.33. The final subsection will examine the effect of temperature, on the static properties
of dendrimers with uniform solvophilic terminal monomers.
Static Properties
A measure of the overall size of a dendrimer is the radius of gyration,
〈
R2g
〉
=
1
N
N∑
i
|ri −R|2, (3.5)
where R is the center of mass. Radii of gyration are shown in Figure 3.2 for dendrimers
with terminal monomers that are either entirely solvophobic or solvophilic. The radius of
gyration scales with N , as R2g ∝ N2/df , where df is the fractal dimension [37]. The fractal
dimensions for dendrimers with solvophilic and solvophobic terminal monomers are 3.19±0.07
and 3.30 ± 0.03, respectively. Although these fractal dimensions are greater than the dimen-
sionality of Euclidean space, these results roughly describe the Rg ∝ N1/3 scaling behavior
seen for dendrimers in poor solvents by previous studies [38, 39].
The radial monomer density profile, ρ(r), shows the number of monomers within a spherical
shell of radius, r, and thickness, 0.083σ, from the dendrimer center of mass per volume of the
shell. Radial monomer density profiles will be displayed for all monomers and for each type of
terminal monomer. Figure 3.3 shows the density profiles for dendrimers with uniform terminal
monomers. The solvophobic exterior case demonstrates that the core is the most dense region
of the dendrimer and the density decreases as the exterior is approached. The profiles also
demonstrate backfolding, as terminal monomers are located at all distances from the center of
mass. As dendrimer generation increases, the probability of finding a terminal monomer near
the center of mass also increases. For all generations, the total monomer density between the
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Figure 3.2 Average mean-square radius of gyration versus the number of
monomers in the dendrimer. Average of 10 000 snapshots taken
every 1000 time steps. Error bars are one standard deviation of
the mean and are shown when larger than the symbol size. The
dashed (solvophilic terminal monomers) and dotted (solvopho-
bic terminal monomers) lines are linear fits used to determine
the fractal dimension
Figure 3.3 Radial monomer densities for different generations of den-
drimers with uniform terminal monomers: (a) solvophobic and
(b) solvophilic. The solid lines are the density of all monomers
in each dendrimer. The dotted and dashed lines are the density
of solvophobic and solvophilic, respectively, terminal monomers
and are color-coded to the corresponding total density line. The
data shown are the average of 10 000 snapshots taken every 1000
time steps. The error bars, of four arbitrarily chosen points, are
one standard deviation of the mean.
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center of mass and the surface plateaus at the same density. The plateau has greater density
than the total system density and is a result of a deficit of material immediately surrounding
the dendrimer that reduces unfavorable interaction of solvophobic monomers and solvent.
The solvophilic exterior case shows that for generations less than six, the solvophilic termi-
nal monomers are drawn away from the center and towards the solvent outside the molecule.
For G6 and greater the solvophilic terminal monomers are located throughout the molecule,
presumably forced back by overcrowding at the surface due to the fact that as generation
increases the number of terminal monomers increases exponentially while the available surface
area is only increases as a square. The total monomer density plateau that exists for the com-
pletely solvophobic case disappears, except for G6 where the profile shifts from monotonically
decreasing (for lower generations) to profiles with a minimum between the center of mass and
the surface. This minimum allows for the presence of solvent inside the dendrimer. Inside the
dendrimer, solvent particles have a radial density (not shown) that is slightly less than the
density of solvophilic monomers.
It is possible that the generation at which solvophilic terminal monomers are forced inward
depends on the system density. For example, in a system of higher density, the generation
at which solvophilic terminal monomers distribute throughout the dendrimer interior might
be smaller than that for a system of lower density. To determine whether the presence of
solvophilic terminal monomers near the core for a given generation is dependent on system
density, a solvophilic exterior G6 dendrimer was simulated with a system of number density
0.3. The density profile was similar to the profile for the system with number density 0.6, with
terminal monomers appearing near the center of mass. A solvophilic exterior, G5 dendrimer
was simulated in a system with number density 0.9 and the density profile was similar to the
profile with number density 0.6, with no terminal monomers appearing near the center of mass.
Now we examine the case where dendrimers have nonuniform terminal monomers consisting
of half solvophobic and half solvophilic terminal monomers. Figure 3.4 shows density profiles for
dendrimers G4 to G7 with nonuniform terminal monomers. The arrangement of solvophilic
and solvophobic terminal monomers does not affect the density profile of nonuniform terminal
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Figure 3.4 Radial monomer densities for different generations of
dendrimers with nonuniform (50% solvophobic and 50%
solvophilic) terminal monomers: (a) G4, (b) G5, (c) G6, and
(d) G7. Symbols and averaging as in Figure 3.3.
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Figure 3.5 Radial monomer densities for different generations of dendritic
wedge dendrimers. Symbols and averaging as in Figure 3.3.
monomer dendrimers for generations less than six. At higher generations, crowding at the sur-
face influences the arrangement of the terminal monomers. For G6-1 2, G7-1 2, and G7-2 4,
solvophilic terminal monomers are found near the center of mass, whereas for the other G6 and
G7 terminal group configurations the solvophilic monomers remain at the surface. This can
be explained by noting the minimum number of bonds between solvophilic and solvophobic
terminal monomers for a given arrangement. To relieve overcrowding at the periphery, por-
tions of the dendrimer must backfold into the interior. For terminal monomer arrangements
with a low repeat pattern, this means that some solvophilic monomers will be taken into the
dendrimer’s interior because there are not enough bonds separating the opposing monomers
to allow them to segregate. As the repeat pattern increases, larger and larger portions of the
dendrimer are free to segregate, thereby allowing the solvophilic terminal monomers to remain
at the surface while the solvophobic terminal monomers backfold into the interior.
Next we consider nonuniform terminal monomer dendrimers built by keeping the terminal
monomers on each of the three dendritic wedges attached to the core the same so that two-thirds
of the terminal monomers are solvophilic and the remaining third are solvophobic. Figure 3.5
shows the density profiles for these dendrimers. There is sufficient room at the surface of
the dendrimer up to G7 for all solvophilic monomers to appear near the surface.
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The density profiles shown may be misleading if the molecule is adopting an oblong shape
where a uniform distance from the center of mass does not represent the “surface”. To test for
this possibility, we characterized the shape of the dendrimer by calculating the asphericity [40,
41],
δ = 1− 3 〈I2〉 /
〈
I21
〉
, (3.6)
where I1 and I2 are the first two invariants,
I1 = λ1 + λ2 + λ3 (3.7)
I2 = λ1λ2 + λ2λ3 + λ1λ3, (3.8)
and λ1, λ2, and λ3 are the eigenvalues of the gyration tensor,
Guv =
1
N
N∑
i
(rui −Ru) (rvi −Rv), (3.9)
where u and v = x, y, and z. The asphericity parameter can take values ranging from zero
(sphere) to one (line). Table 3.3 shows that as the dendrimer generation increases, the as-
phericity decreases. The uniform solvophilic terminal monomer cases are more aspherical
than their solvophobic analogues and all nonuniform terminal monomer cases are between the
two uniform cases, except for G7. In the 50/50 cases we see a minimum asphericity in the
middle of the range of the minimum number of bonds between different terminal monomer
types. All asphericity values are less than 0.1 (corresponding to one moment being 2.4 times
larger than the other two or two moments being 3.6 times larger than the third, which are
the extrema for all possible combinations of moments that have an asphericity of 0.1) imply-
ing the dendrimer does not take conformations that deviate a large amount from a spherical
shape for all generations and configurations. Thus, radial density profiles are appropriate for
determining the location of terminal monomers in these systems.
Dynamic Properties
We next examine the dynamic properties of the dendrimer. The translational diffusion
coefficient, D, of the dendrimer can be determined by [31],
D = lim
t→∞
〈
|R (t)−R (0)|2
〉
6t
, (3.10)
30
Table 3.3 Asphericity of dendrimers with configuration and generation.
Results are averages over 10 000 snapshots taken every 1000
time steps. One standard deviation from the mean is inside
parentheses. Solvophobic and solvophilic refer to uniform termi-
nal monomer cases. “One-third” refers to whole dendritic wedge
configuration with one-third of terminal atoms being solvopho-
bic.
arrangement G3 G4 G5 G6 G7
solvophobic 0.082 (0.018) 0.052 (0.008) 0.032 (0.003) 0.022 (0.001) 0.012 (.0004)
solvophilic 0.096 (0.026) 0.063 (0.012) 0.052 (0.007) 0.048 (0.005) 0.022 (0.002)
“one-third” 0.094 (0.025) 0.059 (0.010) 0.049 (0.006) 0.034 (0.003) 0.023 (0.001)
1 2 0.087 (0.020) 0.057 (0.010) 0.038 (0.004) 0.030 (0.002) 0.018 (0.001)
2 4 0.086 (0.021) 0.051 (0.008) 0.035 (0.004) 0.030 (0.002) 0.022 (0.001)
4 8 0.091 (0.022) 0.055 (0.009) 0.034 (0.003) 0.025 (0.002) 0.017 (0.001)
8 16 0.060 (0.010) 0.032 (0.003) 0.022 (0.001) 0.013 (0.001)
16 32 0.042 (0.005) 0.024 (0.002) 0.015 (0.001)
32 64 0.031 (0.002) 0.014 (0.001)
64 128 0.029 (0.002)
where the bracketed term is the center-of-mass mean-square displacement. The dendrimer’s
center-of-mass mean-square displacement as a function of generation is given in Figure 3.6.
It shows that the dendrimer’s mobility decreases as its generation (mass) increases. It also
indicates that as one goes from uniform solvophobic terminal monomers to the solvophilic
analogue, which increases the radius of gyration, the mobility is decreased despite its increased
attraction/affinity for the solvent. Therefore, it appears that linear/volumetric size is the
driving force for mobility.
The rotational autocorrelation function,
Crot (t) = 〈ei (0) · ei (t)〉 , (3.11)
of the molecule describes how fast the molecule is rotating and is best described by how a unit
vector, ei, from the center of mass to a point on the surface is changing. Since the terminal
monomer density profiles show that terminal monomers are most likely of all monomers to
be at the surface, ei is defined as the unit vector from the center of mass to a terminal
monomer. Figure 3.7 shows the rotational autocorrelation function for dendrimers with uniform
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Figure 3.6 Mean-square displacement of the center of mass for different
generations of dendrimers with uniform terminal monomers.
The solid line is the mean-square displacement of the uniform
solvophobic terminal monomer dendrimer and the dashed line
is that of the uniform solvophilic terminal monomer dendrimer.
The error bars, of four arbitrarily chosen points, are one stan-
dard deviation of the mean.
solvophobic and solvophilic terminal monomers. It agrees with previous studies [23, 42]
that show the relaxation is slower as the generation increases. It also shows solvophobic
dendrimers relaxing faster than solvophilic, since the radii of gyration of dendrimers with
solvophilic exteriors are larger so slower relaxation is not surprising.
The mobility of the terminal monomers is an important property to consider for applications
where dendrimers are functionalized with ligands so that they may target and interact with
cells and other biological species. The pulsations of terminal monomers can be measured by
the autocorrelation function of the terminal monomer to center-of-mass distance,
Ch2Tx
(t) =
1
NTx
NTx∑
i
〈
h2i (0)h
2
i (t)
〉− 〈h2i 〉2〈
h4i
〉− 〈h2i 〉2 , (3.12)
where the subscript ’Tx’ refers to the type of terminal monomer and hi is the distance between
the center of mass and the ith terminal monomer. Figure 3.8 shows the pulsation autocorre-
lation function for dendrimers with uniform solvophobic and solvophilic terminal monomers.
The mobility of terminal monomers decreases as the generation increases. The relative mobil-
ity of solvophobic to solvophilic terminal monomers increases with increasing generation until
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Figure 3.7 Rotational autocorrelation function for different generations of
dendrimers with uniform terminal monomers. Symbols as in
Figure 3.6.
Figure 3.8 Terminal monomer pulsation autocorrelation function for differ-
ent generations of dendrimers with uniform terminal monomers.
Symbols as in Figure 3.6.
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G6. At G7 the autocorrelation functions crossover each other before they have relaxed below
the threshold of Ch2Tx = 0.2.
Figure 3.9 shows the pulsation autocorrelation function for dendrimers with patterned
terminal monomer arrangements. Here we see the solvophobic terminal monomer retains
a fairly constant mobility for a given generation. As the repeat pattern increases, thereby
increasing the number of bonds between solvophilic and solvophobic terminal monomers, the
mobility of the solvophilic monomer increases. The mobility of solvophilic monomers drops
off somewhat at the maximum repeat pattern. We see that in the G6-1 2, G7-1 2, and G7-
2 4 cases, where solvophilic terminal monomers are found in the interior, they are less mobile
than the solvophobic terminal monomers. Overall, the solvophobic/solvophilic arrangement
of terminal monomers has less effect on mobility for small generations than it does for large
generations.
The orientational mobility of the terminal bond can be measured with the autocorrelation
function of the unit vector from the terminal monomer to its bonded monomer,
Cbond (t) = 〈bi (0) · bi (t)〉 . (3.13)
Figure 3.10 shows the terminal bond autocorrelation function. The bond reorientates it-
self more freely with the solvophobic terminal monomer than with the solvophilic terminal
monomer. Figure 3.11 shows the terminal bond autocorrelation function for dendrimers with
patterned terminal monomer arrangements. Here we see the solvophobic terminal bond’s
mobility is independent of its proximity to solvophilic bonds. Among the cases with solvophilic
terminal monomers, the relaxation of the solvophilic terminal bond is always fastest for the
dendrimer with uniform solvophilic terminal monomers. This is in contrast to the trend ob-
served for solvophilic terminal monomer pulsations in Figure 3.9.
Temperature Effects
In this section we examine the effects of temperature by comparing dendrimers with uniform
solvophilic terminal monomers that were relaxed at reduced temperatures of 3.33, 1.5, and 0.67.
Figure 3.12 shows the radius of gyration vs. generation for different temperatures. The radial
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Figure 3.9 Terminal monomer pulsation autocorrelation function (ACF)
for different generations of dendrimers with nonuniform termi-
nal monomers: (a) G4, (b) G5, (c) G6, and (d) G7. The solid
line is the ACF of the solvophobic terminal monomers and the
dashed line is that of the solvophilic terminal monomers. The
cyan lines represent the ACF of dendrimers with uniform ter-
minal monomers for that generation.
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Figure 3.10 Terminal bond unit vector autocorrelation function for dif-
ferent generations of dendrimers with uniform terminal
monomers. Symbols as in Figure 3.6.
monomer density profiles resolved into generations for G6 at reduced temperatures of 3.33 and
1.5 are shown in Figure 3.13. As the temperature decreases, the radius of gyration decreases
and the monomer density plateau level increases indicating the dendrimer is more compact. As
the temperature decreases the core monomer is more likely to be further away from the center
of mass and there is less backfolding of monomers towards the center of mass. Figure 3.14
shows the asphericity vs. generation for different temperatures. At T ∗ = 0.67, there is a
local minimum at G6. Here energy dominates entropy, so all of the solvophilic monomers have
congregated with the terminal bonds pointed away from the center of mass and as generation
increases the surface coverage of solvophilic monomers increases until G6. At G7 the dendrimer
was forced to adopt a more aspherical conformation to increase the surface area. At T ∗ = 3.33,
the asphericity decreases monotonically with increasing generation, because the entropy has
more influence over shape than the energy so that as more monomers are added (generation
increases) the average conformation is more spherical, which maximizes the available volume,
thereby increasing the number of possible conformations. Another possibility is that since
raising the temperature in our system has the effect of decreasing the strength of attraction
between pairs of monomers with attractive potentials, we have made our uniform solvophilic
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Figure 3.11 Terminal bond unit vector autocorrelation function for dif-
ferent generations of dendrimers with nonuniform terminal
monomers: (a) G4, (b) G5, (c) G6, and (d) G7. Symbols
as in Figure 3.9.
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Figure 3.12 Radius of gyration vs. generation for dendrimers with uniform
solvophilic terminal monomers. The solid, dashed, and dotted
lines are T ∗ = 3.33, 1.5, and 0.67, respectively. The error bars
are one standard deviation of the mean. The lines are shown
to guide the eye.
Figure 3.13 Radial monomer density profile resolved into generations for
G6 at reduced temperatures: (a) 3.33 and (b) 1.5. Each line
shows the density of monomers from one generation of the den-
drimer in addition to the core monomer and a total monomer
density. The data shown are the average of 10 000 snapshots
taken every 1000 time steps.
38
Figure 3.14 Asphericity vs. generation for dendrimers with uniform
solvophilic terminal monomers. Symbols as in Figure 3.12.
terminal monomer case more similar to the solvophobic analogue, where asphericity decreases
monotonically with increasing generation. At T ∗ = 1.5, we see a minimum asphericity at G5.
The finding of a minimum asphericity occurring between G4 and G6 (inclusive) in this study
for T ∗ ≤ 1.5 is similar to what was seen in the previous coarse-grained amphiphilic dendrimer
studies [29, 30] and an atomistic PAMAM dendrimer study [43]. An exception is that only
ref [29] saw an elongation of the dendrimer, this in spite of the similarities between the models
of ref [29] and [30] i.e. (i) a greater fraction of monomers are terminal monomers and (ii)
the interior monomers prefer to interact with terminal monomers rather than the solvent. At
G7 the asphericity increases with decreasing temperature and at G6 the asphericity decreases
with decreasing temperature, although the asphericities for G6 at reduced temperatures 1.5
and 3.33 are within a standard deviation of each other. For G5 and below, the asphericity
has minima at a reduced temperature of 1.5. This difference in trends may warrant additional
study.
Conclusions
We used molecular dynamics to simulate amphiphilic dendrimers in explicit solvent. We
found that amphiphilic dendrimers form micelle structures with the solvophilic monomers
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congregating at the surface. The ability of solvophilic monomers to congregate at the surface
did not change below G6. At G6 and above, the uniform solvophilic terminal monomers
were found throughout the dendrimer due to surface crowding. For the nonuniform terminal
monomer G6 and G7 cases, if the number of bonds between the two types of terminal monomers
was not large enough, a fraction of the solvophilic terminal monomers were found near the
center of mass.
The global dynamics of the dendrimer slowed as the radius of gyration of the dendrimer
increased, which was caused by either increasing generation or changing the terminal monomers
from solvophobic to solvophilic. The local dynamics of the solvophilic terminal monomers was
affected by the number of bonds between the two types of terminal monomers for G6 and G7.
The local dynamics of the solvophobic terminal monomers did not change within generations
for all generations.
As the simulation temperature was lowered, the uniform solvophilic terminal monomer
dendrimers behaved less similar to the uniform solvophobic dendrimers with the G6 dendrimer
avoiding the need for backfolding. The asphericity trends changed from monotonically decreas-
ing (high temperature) to the presence of a minimum (lower temperatures).
Because of their ability to form unimolecular micelles, amphiphilic dendrimers can accom-
plish with one molecule what would require multiples of other molecules. This, coupled with
the molecular “tuning” capability afforded by recent progress in dendrimer synthesis makes
dendrimers unique among macromolecules. In this paper, we have investigated how variations
in terminal group chemistry impact the conformational and dynamic properties of dendrimers
in solution. To our knowledge, this is the first study of its kind to explore the effects that
non-uniform amphiphilic topologies have on dendrimer behavior.
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4 COMPUTER SIMULATION OF ARCHITECTURAL AND
MOLECULAR WEIGHT EFFECTS ON THE ASSEMBLY OF
AMPHIPHILIC LINEAR-DENDRITIC BLOCK COPOLYMERS IN
SOLUTION
A paper published in the journal Langmuir1
Nicholas W. Suek2 and Monica H. Lamm2
Abstract
Langevin dynamics simulations are performed on linear-dendritic diblock copolymers con-
taining bead-spring, freely jointed chains composed of hydrophobic linear monomers and hy-
drophilic dendritic monomers. The critical micelle concentration, micelle size distribution, and
shape are examined as a function of dendron generation and architecture. For diblock copoly-
mers with a linear block of fixed length, it is found that the critical micelle concentration
increases with increasing dendron generation. This trend qualitatively agrees with experi-
ments on linear-dendritic diblock and triblock copolymers with hydrophilic dendritic blocks
and hydrophobic linear blocks. The flexibility of the dendritic block is altered by varying
the number of spacer monomers between branch points in the dendron. When comparing
linear-dendritic diblock copolymers with similar molecular weights it is shown that increasing
the number of spacer monomers in the dendron lowers the critical micelle concentration due
to an increase in flexibility of the dendritic block. Analysis on the micellar structure shows
that linear-dendritic diblock copolymers pack more densely than what would be expected for
1Reproduced with permission from Langmuir 24 (2008) 3030-3036. Copyright 2008 American Chemical
Society.
2Department of Chemical and Biological Engineering, Iowa State University, 2114 Sweeney Hall, Ames, Iowa
50011-2230
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a)
b)
c)
d)
e)
Figure 4.1 Schematic of representative linear-dendritic block copolymer topologies: a)
diblock, b) triblock, c) linear comb-dendritic, d) coil-dendron rod, and e)
end-grafted dendritic.
a linear-linear diblock copolymer of the same molecular weight.
Introduction
Amphiphilic linear-dendritic block copolymers have generated interest for their potential
use as drug and gene delivery devices because of their ability to form micelles with critical
micelle concentration (CMC) values well below the CMC values of traditional surfactants [1].
An additional attractive feature of linear-dendritic block copolymers is that they can be syn-
thesized with low polydispersity and well-defined molecular architecture [2, 3, 4, 5]. Linear-
dendritic block copolymers have been synthesized with a variety of topologies, including di-
block [6, 3, 7, 8, 9, 10, 4, 11], triblock [2, 6, 12, 1, 13, 5, 14], linear comb-dendritic [15, 16],
coil-dendron rod [17, 18], and end-grafted dendritic [19, 20], as illustrated in Figure 4.1. Vesi-
cles, bilayer nanotubes, and spherical and cylindrical micelles, are among the aggregate mor-
phologies that linear-dendritic block copolymers are known to form. Variations in dendron
generation and solution pH have been shown to affect the CMC and the aggregate morphology
and size [3, 21, 4, 5]; in some instances, the micellization behavior is unexpected compared to
what would be observed for traditional amphiphiles [3, 5]. This prompts the need for a better
theoretical understanding of the solution-phase behavior of linear-dendritic block copolymers.
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There have been relatively few theory or simulation attempts to explain the interesting
properties displayed by linear-dendritic block copolymers. The melt state behavior of linear-
dendritic block copolymers has been studied theoretically [22, 23] and with computer simu-
lation [24]. We are aware of only one previous molecular simulation study directed toward
the solution properties of linear-dendritic copolymers. Jang and coworkers used molecular dy-
namics simulation to conduct a detailed, exploratory analysis of dendron-grafted copolymers
as building blocks for improved fuel cell membranes [25, 26]. The present study is aimed at
systematically exploring the micellization properties of linear-dendritic diblock copolymers,
where the dendritic block is hydrophilic and the linear block is hydrophobic. This class of
linear-dendritic block copolymer is of special importance for targeted delivery applications
where the many end groups of the hydrophilic dendron are expected to reside near the micelle
periphery, and thus, can be functionalized with ligands to target cell receptors.
The CMC of traditional surfactant or amphiphilic block copolymer systems varies with
the head-to-tail molecular weight ratio (surfactants) or the hydrophilic-to-hydrophobic block
molecular weight ratio (block copolymers). Similarly, in linear-dendritic block copolymers the
balance between soluble and insoluble entities is tuned by the molecular weight ratio between
the dendritic and linear blocks, where the dendritic block molecular weight is altered by varying
its generation (i.e., the number of branching points from the dendron core). Experiments on
linear-dendritic block copolymers with hydrophobic linear blocks and hydrophilic dendritic or
hyperbranched blocks have shown that the CMC increases as the generation of the hydrophilic
block increases [5, 10].
The architecture of traditional surfactant chains has also been shown to affect CMC. Re-
cently, Firetto and coworkers [27] performed a systematic study on the effect of chain stiffness
on micelle formation with Monte Carlo simulation. In this work the stiffness of the entire
chain, the hydrophilic block, and the hydrophobic block were varied separately. The CMC
was found to decrease with increasing chain stiffness, with hydrophobic block stiffness having
a larger effect on the CMC decrease than hydrophilic block stiffness. The aggregation number,
or number of surfactants in the micelle, was shown to increase with increasing hydrophilic
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group stiffness, in agreement with experimental data comparing hydrogenated and perfluori-
nated surfactants [27]. The effect of stiffness on the micellization behavior of linear-dendritic
block copolymers was studied in References [5] and [10] by varying the solution pH such that
the branches of the dendritic block became stiffer (due to electrostatic repulsions from pro-
tonation) as the pH was lowered. In both studies the CMC was observed to increase as the
hydrophilic dendritic block became stiffer.
In addition to Monte Carlo, Langevin dynamics has also been successfully used to simulate
self-assembly phenomena. Lin et al. [28] investigated the micelle structure of rod-coil diblock
copolymers. By changing the segregation strength of rod pairs, they observed structure tran-
sitions that agree with previous experiments and theoretical predictions. Langevin dynamics
has also been used to study the phase behavior of polymer-tethered nanoparticles [29, 30, 31],
the effect of head group size on the micellization of surfactants [32, 33], and the self-assembly
of peptides [34, 35].
The aim of this study is to provide fundamental insight about how changes in molecular
weight and architecture of the hydrophilic dendritic block in a linear-dendritic block copolymer
impact micellization properties. In this paper, we describe Langevin dynamics simulations
on linear-dendritic diblock copolymer systems containing bead-spring, freely jointed chains
composed of hydrophobic linear monomers and hydrophilic dendritic monomers. We first
simulate copolymers with a linear chain length of 30 monomers and dendrons of generation
G = 2, 3, 4, and 5, with fixed spacer lengths between branch points D = 1, 2, and 4, to
determine the relationship between CMC and dendron generation for a given spacer length.
We then compare results for dendrons with different spacer lengths but same molecular weight
to determine the relationship between CMC and dendritic architecture. Finally, we perform
simulations on linear-dendritic systems at concentrations above the CMC to examine the effect
that variations in dendron generation and architecture have on the micelle size distribution
and micelle shape.
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Method
We simulate the self-assembly of linear dendritic copolymers in an implicit solvent using
Langevin dynamics, because the solvent occupies more than 80% of the simulation volume in
the most concentrated systems we examine. The use of implicit solvent reduces the number
of degrees of freedom and is an appropriate simplification because the timescale of solvent
molecule motion is shorter than that of a monomer. A heat bath applies a random force and
viscous drag to account for uncorrelated solvent contributions. The copolymer chain model
consists of bead-spring, freely jointed monomers. The equation of motion for each monomer i
of mass m is [36, 37]
mr¨i (t) = −∇
∑
j
[ULJ (rij) + UBond (rij)]−mξr˙i (t) +Wi (t) , (4.1)
where rij is the distance between monomers i and j, r is the position of monomer i, and ξ
is the friction coefficient coupling the monomers to the heat bath. The random force, Wi, is
Gaussian with zero mean and satisfies,
〈
Wi (t) ·Wj
(
t′
)〉
= 6kBTmξδijδ
(
t− t′) , (4.2)
where kB is the Boltzmann constant, and T is the temperature. Monomer-monomer interac-
tions, ULJ, are calculated with a truncated and shifted Lennard-Jones interaction potential[36],
ULJ (rij) =

4ε
[(
σ
rij
)12 − ( σrij )6 − ( σrcij )12 + ( σrcij )6
]
, rij ≤ rcij
0, rij > rcij
, (4.3)
where ε is the well-depth, σ is the particle diameter, and rcij is the cutoff radius. For all
monomers, ε = 1, σ = 1, m = 1, and ξ = 0.5τ−1; where τ = σ
√
m/ε. Values selected for the
cutoff radius will be discussed below. The bonded monomer attraction, UBond, is calculated
with a finitely extensible nonlinear elastic potential,
UBond (rij) =

−0.5kR02ln
[
1− (rij/R0)2
]
, rij ≤ R0
∞, rij > R0
, (4.4)
where k = 25Tε/σ2 and R0 = 1.5σ. These parameters prevent chain crossing by ensuring an
average bond length of 0.97σ [38].
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Figure 4.2 A model representation of the G2D1, G3D1, G2D2, and G0D15
architectures. The black circles represent hydrophilic monomers
and the open circles represent hydrophobic monomers.
The copolymer molecules are of type ANdB30, where A represents hydrophilic dendritic
monomers and B represents hydrophobic linear polymer monomers. The number of monomers,
Nd, in the dendritic block is calculated from,
Nd = D
(
2G+1 − 1
)
, (4.5)
where G is the generation (the number of branch points between the core and terminal ends)
and D is the number of bonds between branch points of functionality 3. Figure 4.2 provides
schematic representations of the G2D1, G3D1, G2D2, and G0D15 architectures. We will
present our results grouped by molecular weight to study the effect of branching at a constant
molecular weight. This is achieved by increasing D as G decreases to zero, where G0 signifies
a linear-linear block copolymer. An example of this are the architectures G3D1, G2D2, and
G0D15 (shown in Figure 4.2), which have similar molecular weights near 45m.
The A−A and A−B interactions are purely repulsive and have a cutoff radii of rcij = 21/6σ.
The B − B interactions have an attractive potential with a cutoff radii of rcij = 2.5σ. One
copolymer was arranged on a lattice grid, manually to ensure no chain crossing in the initial
configuration, and then was replicated Nm times to achieve a specific number of molecules
in a cubic box at the desired total concentration. The total copolymer concentration, [X], is
defined as [X] = NmNb/V where Nm is the number of copolymer molecules, Nb is the number
of monomer beads per copolymer molecule, and V is the total volume of the simulation space.
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All simulations were run using periodic boundary conditions in all dimensions. All systems
were run with at least Nm = 125 copolymer molecules. Many systems were tested with
Nm = 216 or more and the most concentrated systems were run with Nm = 1000 to prevent the
largest micelles from having a radius of gyration greater than one fifth the box side. Size effects
were determined to be present when simulations of the same concentration and architecture,
but different numbers of molecules, showed different distributions of aggregate size or the radial
distribution of aggregate center of mass. A system size of Nm = 125 copolymer molecules was
found to be sufficient to obtain a CMC independent of the box size.
Copolymer molecules were designated as belonging to an aggregate if any linear tail monomers
(type B) were within 1.5σ of each other, which is the distance at which the bond potential
goes to infinity. The simulation temperature chosen was kBT/ε[=]T ∗ = 1.8. This was the
lowest temperature at which all simulations maintained an equilibrium between aggregated
and unaggregated molecules.
The simulations were carried out using LAMMPS [39, 40], with a time step of ∆t = 0.008τ .
The system was run for 500,000 time steps with all cutoff radii set to rcij = 21/6σ to eliminate
any bias from the initial configuration. The system was then allowed to equilibrate for 4
million time steps. The simulation was then run for at least 10 million time steps; for the more
concentrated and slower relaxing systems 500 million time steps were needed. The length
(time) of the simulation was evaluated by calculating the tracer autocorrelation function C (t)
defined as,
C (t) =
〈N (t0 + t)N (t0)〉 − 〈N (t0)〉2
〈N2 (t0)〉 − 〈N (t0)〉2
, (4.6)
where N (t) is the number of copolymers in the aggregate that a copolymer belongs to at time
t and we average using every copolymer molecule as a tracer molecule and every time step
as a time origin, t0. The correlation time, τc, was the time required for C (t) = e−1. Each
simulation was run for at least 10τc to have at least ten independent configurations. Snapshots
of the monomers’ positions were saved every 10,000 or 100,000 time steps depending on the
length of the simulation.
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Figure 4.3 The concentration of free copolymers for different generations
of the dendron block. The black line represents the the ideal
solution behavior of the copolymer solution, [X1] = [X]. The
lines are shown to guide the eye.
Results and Discussion
Critical Micelle Concentration
The CMC is one of the most commonly studied properties of a self-assembling system be-
cause it is a direct measure of the thermodynamic stability of the micelles in solution. To ex-
plore the effects of dendron generation and branching architecture on CMC for linear-dendritic
block copolymers we simulated copolymers with a linear block length of 30 monomers and
varied both dendron generation (G = 2, 3, 4, 5) and spacer length between branch points (D
= 1, 2, 4). Figure 4.3 shows a plot of free copolymer concentration, [X1], against the total
copolymer concentration, [X] for copolymers with dendritic blocks of varying generation and
spacer length of one. The maximum free copolymer concentration for each curve defines the
CMC for that system. In an ideal system one would expect the free copolymer concentration
to plateau and remain constant at the CMC for total concentrations above the CMC. The
maximum in free copolymer concentration versus total copolymer can be explained as follows.
As more copolymer is added to the system, small aggregates begin to form, reducing the free
copolymer concentration relative to the total copolymer concentration. After the CMC is
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Table 4.1 Critical micelle concentration for different dendritic architec-
tures. Ratio refers to the ratio of the molecular weights of the
hydrophobic block to the hydrophilic block. Horizontal lines
separate groups with similar molecular weights.
Architecture Molecular Weight CMC Ratio Series
G2D1 37 0.0014 4.3 -
G3D1 45 0.0027 2.0 45
G2D2 44 0.0024 2.1 45
G0D15 45 0.0021 2.0 45
G4D1 61 0.0065 0.97 60
G3D2 60 0.0052 1.0 60
G2D4 58 0.0042 1.1 60
G0D31 61 0.0034 0.97 60
G5D1 93 0.0147 0.48 90
G4D2 92 0.0132 0.48 90
G3D4 90 0.0099 0.50 90
G2D9 93 0.0082 0.48 90
G0D63 93 0.0056 0.48 90
reached, the free copolymer concentration drops as a result of excluded volume interactions
between monomers that introduce non-ideal behavior at high concentrations [41]. The CMC
values for each simulated system are given in Table 4.1. Figure 4.4 summarizes the CMC
data for each system simulated in this work by plotting CMC versus hydrophilic/hydrophobic
molecular weight ratio. For comparison, the experimental CMC data from Nguyen and Ham-
mond [5] for dendritic-linear-dendritic triblocks are also shown, which is different from the
diblock architecture modeled in this study and this might exert an influence on the results.
For a fixed spacer length, the CMC increases as the hydrophobic/hydrophilic molecular weight
ratio decreases (i.e. the generation of the dendritic block increases). This trend qualitatively
agrees with the experimental measurements from Refs [5] and [10] (not shown). From Fig-
ure 4.4 it can be seen that the branching in the dendritic block results in a more dramatic
increase in CMC at higher generations than one would expect for a linear-linear diblock copoly-
mer with an equivalent total molecular weight and hydrophobic/hydrophilic molecular weight
ratio. In the model systems, for a fixed molecular weight dendritic block, the CMC shifts to
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Figure 4.4 CMC versus hydrophilic/hydrophobic ratio for the model system (D1, D2,
D4, Linear) and experimental results from Ref 5. The units of CMC are in
molarity for the experimental data and molecules per unit volume for the
simulation data. The generation (G) of each point can be determined by
comparing the spacer length (D) and ratio in Table 4.1. Lines are drawn
between points to guide the eye.
lower values as the number of spacer monomers (D) between branch points is increased. The
increase in D increases the flexibility of the hydrophilic dendritic tail group, allowing it to pack
more efficiently around the hydrophobic core. To date, we are unaware of any experimental
reports that have explored the flexibility of the dendritic block on micellization properties by
altering the chemical structure of the branches. The effect of dendron flexibility was studied in
the experiments by Nguyen and Hammond by changing the pH of the solution. In their exper-
imental system the dendritic block was a PAMAM dendron. At low pH, PAMAM is known to
adopt an open, more rigid conformation due to electrostatic repulsions among the protonated
amine groups along the branches. At high pH, PAMAM has a compact conformation because
the amine groups are no longer protonated and the branches are more flexible [42, 43, 44].
Nguyen and Hammond observed that the CMC shifted to lower values as the pH was raised.
Thus, it appears there is a connection between increased flexibility in the dendritic tail and
lowering of the CMC, although additional simulations of the present model, with suitable pa-
rameter adjustments to capture the stiffening of the branches due to electrostatic repulsions
are required to make a direct comparison to these experiments.
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Figure 4.5 Cluster size distributions for the G4D1 architecture at different
total concentrations. The lines are shown to guide the eye.
Micelle size and shape
We now look at the effect of total concentration on the size distribution of aggregates.
Figure 4.5 shows the distribution of G4D1 copolymers into aggregates. Free copolymer
molecules are considered aggregates of one and thus the values at the origin are very large
reflecting the relatively large number of unaggregated chains. We see that as the concentration
increases, a Gaussian shaped distribution forms with a mean that increases with concentration.
We note that the CMC for G4D1 was observed in Figure 4.3 at [X] = 0.02 and it is at this
concentration where we begin to see large clusters forming.
We now focus on the most concentrated systems ([X] = 0.12) to look at the structure of the
aggregates, as that is where the most aggregates are found. Figure 4.6 shows the distribution
of copolymers into aggregates for the most concentrated system. We see that the most
probable number of copolymer molecules per aggregate increases as we decrease the generation
of the dendritic block. Figure 4.7 shows snapshots of an aggregate for the G0D15, G3D1, and
G5D1 architectures for the most probable number of molecules. The density profile for
the aggregates with the most probable number of molecules (as determined in Figure 4.6) is
shown in Figure 4.8. We see by comparing G3D1, G4D1, and G5D1 on (a), (b), and (c)
of Figure 4.8 that increasing the molecular weight of the dendritic block, decreases the size of
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Figure 4.6 Cluster size distribution at [X] = 0.12 for the different archi-
tectures at similar molecular weights: (a) 45m, (b) 61m, and
(c) 93m. N is the number of copolymers per aggregate. The
lines are shown to guide the eye.
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Figure 4.7 Snapshots of micelles of the G0D15L30, G3D1L30, and
G5D1L30 systems at the most probable micelle number as de-
termined in Figure 4.6 and listed in Table 4.2. The the hy-
drophobic and hydrophilic monomers are shown as red and blue,
respectively. Each snapshot is shown at a different scale.
the hydrophobic core. This observation agrees with experimental results [5]. We also see that
when the dendrimer generation is increased, while keeping the molecular weight constant, the
size of the core decreases while increasing the density of hydrophilic monomers at the surface
of the core. This shows that the architecture of the dendritic block can be used to control the
size of the micelle.
It is also desirable to know if we can control the shape of micelles as it was shown experimen-
tally [3] with a block copolymer of hydrophilic poly(propylene imine) dendron and polystyrene
that the aggregate changed from inverted micelles to spherical vesicles to rod shaped micelles
to spherical micelles as the generation increased from two to five in a mixture of toluene and
water. Table 4.2 shows the characteristic size and shape of the most probable (Nmode) aggre-
gate for each architecture variant. We describe the shape of the aggregates by calculating
the asphericity [45, 46],
δ = 1− 3 〈I2〉〈
I21
〉 , (4.7)
where I1 and I2 are the first two invariants,
I1 = λ1 + λ2 + λ3 (4.8)
I2 = λ1λ2 + λ2λ3 + λ1λ3. (4.9)
56
Figure 4.8 The density profile of aggregates of Nmode copolymers at
[X] = 0.12 for the different architectures at similar molecu-
lar weights: (a) 45m, (b) 61m, and (c) 93m. The solid and
dashed lines are the density profile of hydrophobic and hy-
drophilic monomers, respectively.
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Table 4.2 Characteristics of most probable aggregates. One standard de-
viation is inside brackets. The subscript core refers to the prop-
erty for the hydrophobic core. The subscript free refers to the
property of a free copolymer molecule. Horizontal lines separate
groups with similar molecular weights.
Arch. Nmode
〈
R2g
〉
〈δ〉
〈
R2g
〉
core
〈δ〉core
〈
R2g
〉
free
G3D1 38 62.2 (0.4) 0.038 (0.003) 41.9 (0.4) 0.065 (0.006) 9.0 (0.4)
G2D2 47 69.4 (0.8) 0.038 (0.007) 46.9 (0.8) 0.071 (0.011) 9.6 (0.9)
G0D15 62 87.9 (1.0) 0.029 (0.007) 54.2 (1.0) 0.064 (0.014) 11.9 (1.2)
G4D1 19 59.5 (1.1) 0.042 (0.008) 30.1 (1.0) 0.083 (0.016) 10.7 (0.8)
G3D2 22 65.4 (1.2) 0.036 (0.007) 31.1 (1.0) 0.081 (0.017) 11.8 (0.9)
G2D4 27 73.5 (1.5) 0.028 (0.008) 33.4 (1.3) 0.069 (0.019) 13.7 (1.5)
G0D31 41 111.8 (1.7) 0.017 (0.005) 41.5 (1.1) 0.057 (0.018) 20.1 (3.1)
G5D1 8 56.9 (1.4) 0.071 (0.010) 21.4 (1.0) 0.12 (0.019) 12.2 (0.6)
G4D2 9 62.8 (1.6) 0.052 (0.010) 20.7 (1.0) 0.11 (0.023) 14.9 (0.8)
G3D4 14 83.0 (1.1) 0.032 (0.005) 23.9 (0.7) 0.086 (0.014) 18.8 (0.9)
G2D9 19 112.6 (2.4) 0.023 (0.006) 27.2 (1.0) 0.072 (0.022) 24.8 (2.7)
G0D63 38 191.4 (2.2) 0.015 (0.003) 39.7 (0.7) 0.051 (0.011) 37.2 (6.6)
λi is an eigenvalue of the gyration tensor,
Guv =
1
N
N∑
i
(rui −Ru) (rvi −Rv), (4.10)
where R is the center of mass and u and v = x, y, and z. The asphericity parameter can take
values ranging from zero (sphere) to one (line). The standard deviation σq of a quantity q
presented in Table 4.2 is calculated using the expression [33]:
σq =
√
2τc
tmax
(
q2 − q2
)
, (4.11)
where τc is the correlation time defined in the Method section, q is the average value of q, and
tmax is the total time of the simulation.
We see that the aggregates become less spherical as the generation of the dendritic block
increases, this is even more apparent when we consider the shape of the core. We also see
evidence that the corona shrinks as the generation increases in Table 4.2, when we look at the
ratio of the radii of gyrations for the micelle to the core.
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Conclusions
In this study, we simulated linear-dendritic diblock copolymers in a solution that favors
the dendritic block to investigate the effects of dendron molecular weight and architecture on
micelle properties. The simulation results obtained with a simple, coarse-grained model agree
qualitatively with available experimental data. Specifically, we find that the CMC increases
with dendron generation for a fixed dendritic architecture. This increase is shown to be higher
than what would be expected for a traditional linear diblock copolymer.
Upon comparing block copolymers systems with the same total molecular weight and
hydrophilic-to-hydrophobic ratio, we find that the CMC decreases as the number of spacer
monomers between branch points in the dendron increases. The increase in spacer monomers
increases the flexibility of the dendritic block and promotes better packing of the hydrophilic
monomers around the hydrophobic core. The same trend is seen in experiments on linear-
dendritic block copolymers when pH is raised, effectively increasing the flexibility of the den-
dritic block.
In agreement with reported experiments, the size of the micelle decreases as the generation
(i.e. molecular weight) of the dendritic block increases. Cluster size distributions for block
copolymers of similar total molecular weights show that micelle size can be controlled by
carefully selecting dendritic architecture. The use of dendritic blocks focuses the hydrophilic
corona into a higher density region around the core compared to traditional linear diblock
copolymers. This high density corona promotes the presentation of many dendron “ends” at
the surface of the micelle that could be functionalized with targeting ligands for applications
in drug delivery and sensing.
The goal of this study was to examine the influence of dendron properties on micellization;
and thus, the linear polymer block length and interactions were held fixed. A complementary
investigation of how altering the molecular weight and interactions of the linear polymer block
attached to a dendron of fixed molecular weight and architecture impact micellar problems
should provide additional useful insight about this interesting class of copolymer.
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5 SURFACE PROPERTIES OF AMPHIPHILIC DENDRIMER FILMS:
A MOLECULAR DYNAMICS SIMULATION STUDY
A paper to be submitted to the Journal of Chemical Physics
Nicholas W. Suek and Monica H. Lamm
Abstract
Molecular dynamics simulations are performed to understand the surface morphology of
thin films composed of amphiphilic dendrimers. We use a freely jointed bead-spring model
to explore the effects of fraction and configuration of the modified terminal ends, which are
short linear chains. When the modified terminal ends are not packed close together in the
molecule, the dendrimer cores are able to accumulate and form striped lamellae, whereas the
more densely packed terminal ends prevent the core monomers from forming large continuous
phases. We also model the wettability of the surface and find, in semi-quantitative agreement
with experiment, that increasing the hydrophobic content of the polymer increases the contact
angle of a droplet of solvent.
Introduction
Polymer applications typically require multiple processing operations or a heterogeneous
material to optimize both bulk and surface properties [1]. Segregation is a technique used
to modify the surface properties, which is accomplished by adding a another molecule to the
bulk polymer that will migrate to the surface in order to reduce the free-energy of the system.
Polymers containing hydrocarbon or fluorocarbon chains are used to create surfaces that pro-
mote release because those groups only interact via London dispersion forces. Hyperbranched
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polymers and dendrimers have received a lot of interest for their potential use as additives.
These polymers form a class of polymers that offer multiple chain ends per molecule that can
be modified to create functionalized materials. The large number of terminal ends presents an
opportunity to selectively modify the polymer to optimize the surface segregation while leav-
ing the remaining unmodified terminal ends for further modification to create molecules with
multiple functionalities. Dendritic polymers have also been used to encapsulate dye molecules
in melt processed polyolefins [2], or to improve properties during the processing of the melt [3].
To better understand the physics of a modified hyperbranched polymer that is being de-
veloped as a surface additive [4], experimentalists [5] have prepared films of poly (ethylene
imine) that have been selectively terminated with lauric acid to understand how the surface
wettability changes. Typical linear block copolymers will segregate to form lamellae sheets that
are orientated parallel with or perpendicular to their confinement depending on the amount
of attraction between one or both of the blocks to the confining walls. These experimental
observations have been modeled computationally using Monte Carlo simulations [6, 7].
A common technique for characterizing surfaces and their wettability is to use optical
microscopy to measure the contact angle that a droplet of liquid forms when it comes in
contact with the surface. A droplet on a wettable surface will spread, increasing the area of
contact between the liquid and solid surface, and thus decreasing the contact angle. Conversely,
on a surface with low wettability, the droplet will reduce the area of contact by the movement
of liquid away from the surface, thereby increasing the contact angle.
Molecular simulations have been used to investigate wetting dynamics and have provided
a fundamental understanding of what is happening at microscopic and smaller length scales
where experimental observation is more difficult, if not impossible. The surfaces in most wet-
ting simulations can be placed in the following categories: 1) empirical continuum [8] or a
frozen crystalline lattice structure using either 2) an LJ potential [9] or 3) an atomistic po-
tential [10, 11]. The molecular dynamics simulations of polyethylene, polytetrafluoroethylene,
and polyethylene terephthalate surfaces by Fan and C¸agin [10] were the first in the area of
polymer wetting research. The molecular dynamics (MD) simulations by Hirvi and Pakka-
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nen [12] showing that crystalline polymeric surfaces exhibit better wetting (with water) than
amorphous polymer surfaces were the first to investigate amorphous surfaces. Ingebrigtsen
and Toxvaerd [8] used MD and a Lennard-Jones intermolecular potential model to show that
contact angles computed using the shape of a droplet disagree with the angles calculated from
Young’s equation.
In this paper, we present molecular dynamics simulations of a film of modified dendrimers
to model the experimental system, poly (ethylene imine) selectively terminated with lauric
acid [5]. A dendrimer model is simulated instead of a less perfect hyperbranched polymer to
avoid the difficulties that arise with simulating a statistical distribution with a finite number
of molecules. A Lennard-Jones interaction model is used to provide a general insight into the
effects of the dendritic structure on film morphology as opposed to the insight about a specific
chemical structure, which would be gained by using a more specific atomistic force field. We
look at the effect of different substitution patterns and fractions on the film morphologies and
the contact angle adopted by a droplet of solvent. The rest of the paper is organized as follows:
The model and simulation details are presented in section 2, followed by results and discussion
in section 3, and conclusions in section 4.
Method
Molecular model
We simulated a film of identical dendrimers in vacuo using constant temperature molecular
dynamics. The dendrimer model consists of bead-spring, freely jointed united-atom monomers.
Molecular dynamics trajectories were generated by solving Newton’s equations of motion,
where the position, ri(t), of the ith monomer or solvent particle with mass, m, is given by
m
d2
dt2
ri (t) = −∇
∑
j
[ULJ (rij) + UBond (rij)] , (5.1)
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Figure 5.1 The five conformations simulated. The conformations are
named, from left to right, fully substituted, 12/24 substituted,
4/8 substituted, 1/2 substituted, and 1/4 substituted. The red
circles are hydrophobic monomers and the blue are hydrophilic
monomers.
where rij is the distance between monomers. Nonbonded interactions, ULJ, are calculated with
a truncated and shifted Lennard-Jones interaction potential[13],
ULJ (rij) =

4εij
[(
σ
rij
)12 − ( σrij )6 − ( σrcij )12 + ( σrcij )6
]
, rij ≤ rcij
0, rij > rcij
, (5.2)
where εij is the well depth, σ is the particle diameter, and rcij is the cutoff radius. For all
monomers σ = 1, εij = 1, and m = 1. Values selected for the cutoff radius will be discussed be-
low. The bonded monomer attraction, UBond, is calculated with a finitely extensible nonlinear
elastic potential,
UBond (rij) =

−0.5kR02ln
[
1− (rij/R0)2
]
, rij ≤ R0
∞, rij > R0
, (5.3)
where k = 25TεBond/σ2, εBond = 1, and R0 = 1.5σ. These parameters prevent chain crossing
by ensuring an average bond length of 0.97σ [14].
The dendrimers in this study are of generation three and have all, one half, or one quarter of
the terminal monomers modified with short linear chains of length five. Figure 5.1 illustrates
the five conformations that were simulated. There are two types of monomers in the
simulations, hydrophilic and hydrophobic, which are represented as A and B, respectively. All
monomers experience attractive interactions with their own type and thus have a cutoff radii
of rcAA = rcBB = 2.5σ. They have repulsive interactions when interacting with the opposite
type and the monomers that they share a bond with and thus have cutoff radii of rcAB = 21/6σ.
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Film preparation
All simulations were carried out using LAMMPS [15, 16], with a time step of ∆t = 0.008τ ,
where τ = σ
√
m/ε. Bulk simulations were performed to determine the desired density for
the unit cube that the dendrimer occupies prior to replication to generate the film. During
the bulk simulations the temperature and pressure were kept constant using the Nose´-Hoover
thermostat and the Nose´-Hoover barostat [13]. The system was first annealed at reduced
temperature T ∗ = kBT/ε = 2.0 for 100,000 time steps before lowering the temperature to
T ∗ = 0.8 and running for an additional 10 million time steps. The density was averaged over
the last 5 million time steps. The target pressure for these simulations was P ∗ = 0. Each
simulation consisted of either 64 or 125 dendrimers of the same conformation (so that the total
number of monomers was at least 9,500).
Once the bulk density was determined, a single dendrimer of the desired conformation
was constructed with a series of self-avoiding random walks, using the algorithm we employed
previously [17]. The dendrimer was built inside a cube with side length, L, chosen so that the
bulk density was achieved. The dendrimer was then replicated so that the periodic dimensions
of the simulation space were 50σ and the film thickness was 20σ. The non-periodic dimension
was then increased to 40σ. The film covered a hydrophilic surface that was modeled by a
continuum Lennard-Jones 12-6 potential. The molecules in the substrate were fixed at the
bottom of the simulation space. The parameters for the continuous surface potential were
σ = 1, ε = 1, rcB = 21/6σ, and rcA = 2.5σ. The opposite face of the simulation space was
bound by a similar surface potential except that rcA = 21/6σ. The system was first annealed
at T ∗ = 2.0 for one million time steps before reducing the thermostat to T ∗ = 0.8. It was
necessary to reduce the roughness of the surface as it can interfere with both the formation of
a nanoscale droplet and the determination of its contact angle. To reduce the roughness, the
film was compressed by lowering the repulsive surface until it was 0.8σ above the monomer
that was the greatest distance from the hydrophilic surface. The film was then equilibrated at
T ∗ = 0.8 for 100,000 time steps. This sequence was repeated until the time averaged pressure
was greater than zero. After the film was confined, it was annealed by increasing the thermostat
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to T ∗ = 2.0 for 1 million time steps. The film was then simulated for 20 million time steps at
T ∗ = 0.8, monitoring the potential energy and pressure of the system to determine when the
equilibrium was established.
Droplet formation
Before simulating a droplet of solvent on the surface of the film, the surface needed to
be expanded to accommodate droplet spreading. The film was replicated in the periodic
dimensions to create a film with four times the surface area and then equilibrated. During the
solvent droplet simulations the film monomers were frozen in place. The solvent molecules,
represented by S, are modeled with LJ particles using εij to select for the interactions with
εSS = 1.0, εSA = 0.9, and εSB = 0.3, to create a solvent that has more attraction to the
hydrophilic monomers than to the hydrophobic monomers. For the droplet simulation σ = 1
and rc = 2.5σ for all pairs. The solvent particles start in a cubic lattice with a spacing of 21/6σ
near the film surface. The height of the simulation space above the film is adjusted to control
the total density of the solvent in the simulation, which in turn will determine the fraction
of solvent in the liquid and vapor phases. A portion of the solvent particles are frozen into a
spherical shape while the remaining solvent particles are simulated for 200,000 time steps to
form a vapor phase at T ∗ = 0.75. Then all of the solvent particles are simulated for one million
time steps at T ∗ = 0.75 with the εSA = 0.3 to form a stable droplet before simulating at the
more attractive εSA = 0.9.
Results and Discussion
Polymers
Constant temperature and pressure molecular dynamics simulations were carried out for
each dendrimer configuration in bulk to determine the average density for each dendrimer.
The bulk densities are reported in Table 5.1. The densities increase as the degree of
functionalization increases because the substituted ends have fewer bonds between them, which
may indicate that it is easier to pack them together. There is a slight drop off in density for the
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Table 5.1 Bulk density for the different dendrimer configurations.
Substitution Density (1/σ3)
1/4 0.845
1/2 0.855
4/8 0.865
12/24 0.875
fully 0.87
Figure 5.2 Energy and pressure relaxation for the 1/4 substituted system.
The black x’s are the total energy of the system. The red +’s
are the pressure of the system.
fully substituted dendrimers, possibly because all ends are terminated, thus preventing many
hydrophilic cores from joining together to form a large continuous hydrophilic phase which
would increase the interfacial area, which increases the total energy.
Once the bulk density for the different dendrimers has been determined, the dendrimer
films can be simulated. The first step is to evaluate whether equilibrium has been reached,
which can be evaluated by monitoring the thermodynamics and the structure. Figure 5.2 shows
the relaxation of the total energy and pressure for 1/4 substituted system (representative of
the other systems) after the compressed annealing. Figure 5.3 shows the relaxation of
the density profile for 1/4 substituted system (representative of the other systems) after the
compressed annealing stage. The film equilibrates in less than 10 million steps.
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Figure 5.3 Density profiles of the 1/4 substituted dendrimer film at differ-
ent times. The solid lines represent the total monomer density
at height z above the attractive surface. The dashed and dot-
ted lines are the hydrophilic and hydrophobic monomer density,
respectively, and are color coded to the total monomer density
line. The profiles are averages over 100 trajectories, starting
with the time step indicated in the legend.
The confinement of the film creates a less rough surface. Figure 5.4 shows profile snapshots
for both the confined and the unconfined equilibrated films for the fully substituted configu-
ration. Figure 5.5 shows time averaged density profiles for the films shown in Figure 5.4.
The confined surface is shown to be smoother than the free surface upon visual inspection and
in consideration of the sharper drop of the total density from the bulk density. It is possible
to create an even smoother surface by confining the film to the bulk polymer density, but
that results in an interior density that is too dense and unrealistic when considering a surface
Figure 5.4 Final configurations of fully substituted dendrimer film cross–
sections for the confined (left) and free (right) cases.
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Figure 5.5 Density profiles for the fully substituted dendrimer films. The
solid lines represent the total monomer density at height z above
the attractive surface. The dashed and dotted lines are the hy-
drophilic and hydrophobic monomer density, respectively, and
are color coded to the total monomer density line. The pro-
files are averages over the last 100 trajectories and saved every
10,000 time steps.
exposed to the ambient conditions we wish to model.
We next consider the effect that the different substitution patterns have on the film mor-
phology. Figure 5.6 shows a snapshot of the surface being confined by the neutral force field
for each of the films. As the substitution pattern becomes more dense, the surface pattern
changes from stripes for the 1/4 and 1/2 configurations to a continuous hydrophobic surface
pockmarked by hydrophilic regions, which decrease in size as the degree of substitution in-
creases. This corresponds to the tendency of the hydrophilic cores to come together to reduce
the interfacial area between the two phases. Figure 5.7 shows the density profiles of the films.
The stripes in the 1/4 pattern are near surface only, whereas is in the 1/2 pattern they span
the entire height of the film.
Droplet on the polymer film
Figure 5.8 shows snapshots from the simulation of 42,875 solvent molecules at the surface
of the quarter substituted dendrimer film. The droplet, vapor phase, condensation on the
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Figure 5.6 Final configurations of the free side of each of the confined den-
drimer films.
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Figure 5.7 Density profiles for each of the substituted dendrimer films.
The solid lines represent the total monomer density at height z
above the attractive surface. The dashed and dotted lines are
the hydrophilic and hydrophobic monomer density, respectively,
and are color coded to the total monomer density line. The
profiles are averages over 1000 trajectories, saved at an interval
of 10,000 time steps.
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Figure 5.8 Snapshots of a single time step from the simulation of 42,875
solvent molecules at the surface of the quarter substituted den-
drimer film. The images are, from left to right, from above
the surface, the profile perpendicular to the stripes of the film,
and the profile parallel to the stripes. The snapshots focus on
the droplet omitting some of the bulk vapor. The dendrimer
monomers are omitted from the snapshots.
hydrophilic stripes, and accumulation of solvent in between the segregated phases of the film
are illustrated. The area wetted by the droplet is more elliptical than circular and the contact
angle visually changes as the orientation of the film is rotated thus we calculate a density
profile around a central axis to determine the contact angle.
The location and number of solvent particles in the droplet can be determined by using
the “Stillinger criterion” [18], which states that a particle belongs to a cluster if it is within a
short distance of another particle in the cluster. This study used the distance 21/6σ instead
of the more commonly used distance of 1.5σ. This is because a film of solvent spreads over
the surface and thus, a smaller Stillinger criterion is used to capture the dense core of the
droplet. The number of particles in the droplet core and the height of the center of mass is
used to determine if the droplet is equilibrated. The evolution of the droplet size is illustrated
in Figure 5.9. Cylindrical binning is used to determine the density profile of the liquid droplet
and surrounding vapor around the central axis of the droplet. The density profile is averaged
over snapshots taken every 10,000 time steps. The radius of the droplet at different heights
above the surface was determined as the radius where the density dropped below 0.385m/σ3,
which is half of the bulk liquid density. The cylindrical bins are divided into wedges with arcs
of 10 ◦ to determine the effect of the surface pattern on the contact angle as it produces visible
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Figure 5.9 Evolution of droplet size for the simulation of 42,875 (blue),
27,000 (red), and 15,625 (black) solvent particles above the
quarter substituted dendrimer film.
effects seen in Figure 5.8.
The condensation of solvent on the film disguises the wetted area of the droplet. To extract
the details of the droplet near the film, nonlinear least squares fitting is used to obtain the
equation for the circle that best describes the profile using the sheet’s height and the droplet
radius. We omit datum that are within either 2σ of the surface or 5σ of the central axis (these
distances were chosen arbitrarily to find the curve that best describes the profile, using sight
to judge). The film surface is defined as the height where the density of the film is half of
the interior film density. Then the microscopic contact angle can be defined as the angle of
the tangent to the circle at the surface. Figure 5.10 illustrates two profiles of a droplet on the
1/4 substituted dendrimer film demonstrating the effect of the orientation of the stripes on
the droplet. The contact angle and size of each droplet simulated is shown in Table 5.2.
A preliminary examination reveals that the microscopic contact angles presented in Table 5.2
differ by more than 20 ◦ from the experimental macroscopic contact angles [5]. As a result of
this discrepancy, the droplet simulations were repeated with εSB = 0.6 and these results are
shown in Table 5.3.
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Figure 5.10 Droplet profiles from the simulation of 42875 solvent particles
above the 1/4 substituted dendrimer film. The . The blue +’s
represents the profile as it would be viewed from a direction
that is parallel to the lamellae stripes of the film. The red
circle’s represents the profile as it would be viewed from a
direction that is perpendicular to the lamellae stripes of the
film. The line resulting from non-linear least squares regression
is shown for each profile. A line at z=0 would represent the
surface of the film.
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Table 5.2 Characteristics of solvent droplet for each simulation for
εSB = 0.3. Standard deviation shown in parentheses.
Substitution # of solvents simulated # of solvents in dense core ρS rl/σ θ/ ◦
1/4 15625 6595 (91) 0.042 20.6 (2.6) 66.1 (5.7)
1/4 27000 14711 (105) 0.045 26.2 (1.5) 68.0 (3.3)
1/4 42875 26861 (180) 0.050 30.7 (3.6) 72.4 (6.7)
1/4 64000 50702 (146) 0.10 39.0 (1.9) 68.5 (2.8)
1/2 15625 8195 (138) 0.045 16.9 (2.1) 97.1 (7.4)
1/2 27000 18858 (94) 0.069 22.2 (2.0) 97.1 (5.3)
1/2 42875 31776 (134) 0.073 26.8 (2.0) 94.6 (4.4)
1/2 64000 51697 (133) 0.10 31.1 (1.6) 95.8 (3.0)
4/8 15625 7930 (121) 0.045 18.6 (2.8) 86.1 (9.0)
4/8 27000 18634 (108) 0.070 23.2 (3.4) 92.3 (8.6)
4/8 42875 31583 (122) 0.073 27.4 (2.8) 92.6 (6.0)
4/8 64000 51641 (169) 0.10 31.2 (2.9) 95.9 (5.5)
12/24 15625 7765 (160) 0.045 17.8 (1.4) 90.0 (4.8)
12/24 27000 18611 (108) 0.070 23.5 (1.2) 90.0 (3.5)
12/24 42875 31646 (129) 0.074 28.4 (2.6) 87.1 (4.5)
12/24 64000 51573 (143) 0.10 31.9 (2.9) 93.2 (5.3)
fully 15625 8304 (84) 0.044 18.0 (1.7) 91.0 (5.6)
fully 27000 16948 (115) 0.049 21.2 (1.3) 98.1 (3.7)
fully 42875 28219 (110) 0.050 24.9 (1.1) 98.6 (2.7)
fully 64000 51824 (136) 0.10 30.6 (0.5) 97.7 (1.0)
fully 91125 79004 (133) 0.15 36.2 (1.5) 94.4 (2.5)
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Table 5.3 Characteristics of solvent droplet for each simulation for
εSB = 0.6. Standard deviation shown in parentheses.
Substitution # of solvents simulated # of solvents in dense core ρS rl/σ θ/ ◦
1/4 15625 6595 (91) 0.042 23.4 (1.6) 42.8 (3.0)
1/4 27000 14711 (105) 0.045 32.7 (1.8) 39.8 (2.2)
1/4 42875 26861 (180) 0.050 39.1 (2.1) 43.3 (2.2)
1/2 15625 8195 (138) 0.045 22.7 (0.8) 57.0 (1.8)
1/2 27000 18858 (94) 0.069 30.2 (1.0) 58.1 (1.7)
1/2 42875 31776 (134) 0.073 36.0 (1.7) 58.1 (2.4)
1/2 64000 51697 (133) 0.10 42.9 (0.4) 56.9 (0.5)
4/8 15625 7930 (121) 0.045 22.6 (4.5) 58.2 (4.5)
4/8 27000 18634 (108) 0.070 30.4 (3.0) 57.2 (4.7)
4/8 42875 31583 (122) 0.073 37.6 (1.5) 53.8 (2.1)
4/8 64000 51478 (156) 0.10 42.6 (2.7) 58.2 (3.3)
12/24 15625 7765 (160) 0.045 23.1 (1.7) 53.8 (4.1)
12/24 27000 18611 (108) 0.070 30.9 (2.9) 55.2 (4.6)
12/24 42875 31646 (129) 0.074 37.2 (2.4) 54.6 (3.1)
12/24 64000 51378 (148) 0.10 43.1 (1.3) 56.6 (1.5)
fully 15625 7279 (142) 0.044 22.3 (1.9) 59.9 (4.3)
fully 27000 16119 (120) 0.049 29.8 (2.2) 55.8 (3.8)
fully 42875 27626 (140) 0.050 34.6 (2.0) 58.5 (3.0)
fully 64000 51195 (144) 0.10 42.7 (1.8) 57.7 (2.1)
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Figure 5.11 Cosine of the contact for different-sized solvent droplets on
different films. The open symbols connected by dashed lines
represent data for εSB = 0.6. The closed symbols connected
by dotted lines represent data for εSB = 0.3.
The contact angles presented in Tables 5.2 and 5.3 are microscopic. Young’s equation,
γsv = γlvcos θ∞ + γsl, (5.4)
relates the surface tensions at the three interfaces (vapor-solid [γvs], liquid-solid [γls], and
liquid-vapor [γlv]) to the macroscopic contact angle (θ∞) and is valid when the contact line,
where the three phases are in contact, is straight. There is interest in using the contact angle
of microscopic droplets and the radii of their contact lines to extrapolate the contact angle of
macroscopic droplets. To do this, equation 5.4 can be rewritten [19] as
cos θ = cos θ∞ − τl
rlγlv
, (5.5)
where θ is the microscopic contact angle, τl is the line tension, rl is the radius of the contact line.
Figure 5.11 illustrates the relationship between the microscopic contact angle and the radius of
the contact line for the εSB = 0.3 and εSB = 0.6 simulations. Both positive and negative line
tensions have been observed experimentally [19]. The results from the present simulations yield
both positive and negative line tensions in no predictable pattern; although these tensions are
of a similar order of magnitude and predictability as that of Reference [8], which used a similar
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solvent model. These results indicate that the determination of line tension is not accessible in
our study. The surfaces in this study are not ideally smooth or homogeneous, which are known
to cause hysteresis when measuring the advancing and receding contact angles [20]. Hysteresis
appears to be more of an issue for the 1/4 substituted system than the fully substituted system,
where for both surfaces the εSB = 0.3 systems the 15625, 27000, and 42875 solvent particles
droplet simulations were repeated as receding droplet simulations using the droplet from the
εSB = 0.6 simulations as the beginning droplet. The fully substituted droplet contact angles
agreed within 2 ◦ of the corresponding droplet, whereas the 1/4 substituted droplet from the
receding droplet was between 2 ◦ and 6 ◦ lower than the advancing droplet making a strong
case that the contact line was trapped on the striped pattern of the 1/4 system. The contact
lines were asymmetric and thus have changing curvatures, especially for the striped patterns
of the 1/4 and 1/2 systems where contact line trapping was more likely.
Figure 5.12 compares macroscopic contact angles from experiments with hyperbranched
polyethylene imines with lauric acid as the terminating group [5] to the macroscopic contact
angles (for εSB = 0.6) determined in this study, averaging the contact angles over the different
droplet simulations for each configuration and averaging the three half configurations for the
trend line. The computational model quantitatively reproduces the experimental results as
the simulated contact angles are within 25% of the experimental values. The computational
trend goes to zero at zero fraction modified as all attempts to simulate a droplet on an unmod-
ified surface resulted in a uniform solvent film forming over the surface. This is in excellent
agreement with the experiments as 10 ◦ was the experimenter’s estimation of the angle after
they had a similar observation [5].
Conclusions
We implemented a simple, coarse-grained model to simulate dendrimer molecules in a thin
film to examine the effects of terminal modification on the surface morphology. We found
that as the fraction of modified terminal ends increased from a quarter substituted system to
a fully substituted system, the exposed surface morphology changed from a striped lamellae
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Figure 5.12 Contact angle for different fractions of terminal end substitu-
tion for εSB = 0.6. Exp refers to contact angles from unpub-
lished experimental results [5].
pattern, similar to the results of a simple linear diblock system, to a surface containing the
dendrimer cores packed into a hexagonal lattice. We explored the effects of how densely the
modified terminal groups were packed together at the half modified fraction and found that at
the lowest density striped lamellae formed and then transitioned toward the hexagonal packing.
We were able to tune the droplet parameters to reproduce experimental results, within 25%,
that we were trying to model.
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6 FUTURE WORK
In this thesis, we have used a simple Lennard-Jones model to investigate how the branched
structure of dendrimers affects the properties of amphiphilic dendrimers.
We have looked at the general effects of the dendritic structure. One goal of future work
would be to use simulations to model chemically specific systems to facilitate the optimization
of the system for specific applications. Since many of the potential applications for dendrimers
involve their use as a host for smaller guest molecules, a next step would involve the modeling
of a guest-host system. If the same simple Lennard-Jones interaction model that was applied
throughout this thesis is used again, it would be necessary to create a phase diagram to
understand the relationship between the experimental system and the computational model.
This is because, as the number of components in the system grows, so does the number of
available parameters. As was shown in Chapter 5, the choice of parameters can change the
properties of the system greatly, e.g. we were able to lower the contact angle by increasing
εSB from 0.3 to 0.6. Another improvement would be to parametrize the bonding potentials
(length and angle) to be more representative of dendritic architecture. The potentials used in
these studies were taken from literature [1] for linear polymer chains, where the only concern
is to set the bond parameters to prevent chain crossing. Specifically one should examine more
carefully the appropriateness of the FENE spring potential without an accompanying angle
potential. The FENE spring model used in this work and by others [2, 3] was borrowed from
linear polymer models where a bead typically represents 10 repeat units or a minimum of 20
heavy atoms (non-hydrogens). Thus, there is greater flexibility in the length of the bond and
no limit to the angle between two consecutive bonds. Ideally, for a dendrimer model, the
maximum bead separation and average angle should be more constrained as it is impossible
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for a dendrimer bead to represent as many atoms (as is the case for linear monomers) without
losing its branched structure. The initial justification for the lack of an angle potential was that
the branching of the dendrimer would constrain the range of angles sampled. This justification
was violated in all simulations of this work, when they contained monomers that were only
bonded to two others.
An alternative to using the LJ interaction model is to use a force field that specifically
represents the system’s chemistry. The first route using this approach is to use an atomistic
force field where every atom is specifically represented. Since most dendrimer applications are
of a biological nature and involve an aqueous phase, a model that contains explicit solvent
molecules should be considered. Such an explicit-atom model would limit the size of the
simulation to a single dendrimer in explicit solvent. An example of such a study has been the
simulation of a poly amidoamine (PAMAM) dendrimer and hydrocarbons in explicit water to
understand the ability of PAMAM to prevent the formation of gas hydrates [4].
A second route for using a chemically specific force field would be to create a coarse-grained
potential from simulations using a more detailed atomistic force field, which will enable larger
systems to be run for longer time spans. Work has already begun in an effort to create potentials
specific to the PAMAM poly (propylene oxide) system [5] to produce a realistic molecular
model that can quantitatively predict the CMC and micelle number observed in experiments.
This realistic model will be used to design a linear-dendritic block copolymer architecture that
maximizes the drug loading capacity while minimizing the CMC. This work will be challenged
by the limitations on the size of the atomistic simulations as well as the lack of data to validate
the atomistic simulations. Atomistic simulations using the AMBER [6, 7] force field have been
performed with charges obtained from ab initio calculations using the RESP charge model [8].
Efforts to generate a coarse-grained force field with the force matching algorithm [9, 10] using
this data were stymied by the number of parameters that required fitting and the size of the
resulting matrix that requires singular value decomposition to be solved. Future work will
require the parallelization of the force matching code.
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